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Sedimentation and drawdown-induced habitat degradation limits reproduction of
structure-associated fishes in flood control reservoirs. Littoral habitat enhancement can
be accomplished by planting fast growing crops during winter, when lakebeds are
exposed, to provide fish habitat during spring flooding. It remains unclear if species of
crops differ in their submerged persistence or habitat quality to fish. I submerged six
species of cool-season annual crops in mesocosms and monitored plant architecture over
time. Adult plantings of two grasses persisted long enough to potentially be used by
juvenile fishes in reservoirs. To assess the habitat quality provided by crops, I evaluated
selection by juvenile Bluegills and adult Largemouth Bass in outdoor mesocosms.
Bluegills selected Balansa Clover the most and Largemouth Bass selected annual
Ryegrass. Results suggest some clovers may provide nursery habitat but degrade rapidly
once submerged and dense annual grasses persist well and provide favorable habitat for
prey and predator fish.
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INTRODUCTION
Habitat complexity of freshwater ecosystems strongly influences trophic
interactions, species diversity, and structure of biotic communities (Kovalenko et al.
2012). Contributors to complexity can be both biotic (e.g. macrophytes and woody
material) and abiotic (e.g. variations in geomorphology and substrate). Periphyton can be
a major source of autotrophic carbon in littoral food webs and its abundance and
productivity is influenced by availability and heterogeneity of attachment surfaces
(Vadeboncoeur and Steinman 2002). Increases in periphyton, detritus, refuge, and living
space diversity associated with macrophyte beds increases abundance and species
richness of benthic and epiphytic invertebrate communities (Cyr and Downing 1988,
Schramm and Jirka 1989, Jeffries 1993). Detritivorous and herbivorous invertebrates are
critical links in phosphorus cycling (Gardner et al. 1981, Andersson et al. 1988) and
constitute a major portion of the diets of many littoral age-0 and invertivorous fishes.
Habitat complexity afforded by macrophytes and submerged coarse woody habitat
regulates associated prey fish and invertebrate mortality via top-down and bottom-up
effects (Crowder and Cooper 1982, Savino and Stein 1982, Warfe and Barmuta 2004,
Sass et al. 2006). Sustainability of prey populations can improve growth of predators in
moderate levels of habitat complexity. In reservoir ecosystems, abiotic forces reduce
habitat complexity in shallow areas over time.
1

The process of storing water in reservoirs makes littoral habitats susceptible to
degradation as reservoirs age. Sedimentation is a major pathway that changes the
physical environment of reservoirs (Miranda 2017). Compared to natural lakes, reservoir
drainages are much larger and thus receive more entrained sediment that settles as
distinct layers in littoral and lacustrine sections. Deposited sediment blankets preexisting
substrate with clay and silt (Miranda and Bettoli 2010) which can influence hydrochemical properties of substrate (Rehg et al. 2004). Over time, sedimentation and erosive
wave action homogenize littoral zones as smooth featureless shorelines (Miranda 2017).
Drawdowns can further reduce complexity of littoral habitats by precluding hydrophyte
establishment. Homogenized habitat and causative processes in reservoirs lead to shifts in
benthic invertebrate and fish community composition towards generalist and
opportunistic species (Benson and Hudson 1975, Kaster and Jacobi 1978, Miranda et al.
2014). Additionally, productivity is reduced in all community trophic levels (Carmignani
and Roy 2017). The negative consequences of periodic drawdowns on reservoir
ecosystems lead many natural resource professionals to habitat management.
The water regime of flood control reservoirs provides managers with an
opportunity to access and potentially improve expansive areas of exposed lakebed
annually. One habitat enhancement method that can be used during drawdowns is to sow
shorelines with fast-growing crops that will reach maturity prior to flooding. Upon
inundation, plantings will provide complex habitat to local biota. Research has
demonstrated that submerged agricultural plantings on reservoir shorelines had higher
age-0 Black Bass Micropterus spp. and aquatic insect densities than unseeded areas
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(Strange et al. 1982, Ratcliff et al. 2009). However, few crop species were tested and the
structural complexity of plants post-inundation has never been studied.
Via laboratory experiments, I aimed to investigate the performance of crops as
fish habitat following inundation. In Chapter II, I assess the effect of long-term
submergence on the architecture of submerged crops and its implications for potential
fish habitat. In Chapter III, I determine the selection of various crops by a predator and
prey species of fish in the presence and absence of one another. I suggest potential
reservoir management applications of agricultural species that perform the best when
inundated and are selected by fishes.
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SUBMERGENCE RESPONSES OF COOL-SEASON ANNUAL CROPS AND
POTENTIAL FOR FISH HABITAT
Introduction
Reservoirs that experience annual winter drawdowns create harsh unnatural
conditions in shallow areas. As water levels fluctuate, the edge of reservoirs migrates
across an interval of shoreline known as the regulated zone. Lake bottom in the regulated
zone is exposed and desiccated during drawdowns which can leach nutrients once
flooded (Cooke 1980). Grain size, water content, and density of soils in the regulated
zone can be significantly altered by drawdowns but vary depending on water regime and
geomorphology of the reservoir bottom (Carmignani and Roy 2017). Littoral water
clarity is usually low due to excessive suspended inorganic particles from shoreline
erosion and sediment mobilization (Furey et al. 2009). Deposited sediment can be resuspended into the water column at low lake levels like those produced by periodic
drawdowns. Winter drawdowns are required to fulfill the operational objective of many
impoundments but have deleterious effects on abiotic components of littoral ecosystems.
Conditions in the regulated zone alter and limit plant and invertebrate
communities. Consistent winter drawdowns limit the establishment of hydrophytes due to
desiccation (Beard 1973, Goldsby and Sanders 1977). During the spring, high rates of
water level changes can move the littoral zone too fast for aquatic plants to respond and
6

survive (Bayley 1995). Spring flood-waters are stored unnaturally throughout the summer
growing season; a time when gradual or partial exposure is critical for the growth and
development of plants in habitats that are naturally flooded. Inundation of floodplain and
wetland habitats during summer months can reduce the ability of native wetland and
annual terrestrial plants to flower or recover from submergence and encourage the
success of exotic species (Baldwin et al. 2001, Greet et al. 2013). Flood-intolerant
terrestrial vegetation recolonize shorelines during autumn and winter exposure, however
low temperatures limit net growth and seasonal die-offs during spring flooding turn
littoral habitats into barren mudflats (Miranda 2017). Periphytic diatom community
composition varies with depth and proportion of cells that are living can decrease with
increasing exposure probabilities (Cantonati et al. 2009). Species richness and density of
benthic macroinvertebrates decline in lake soils experiencing water level fluctuations
(Kraft 1988, Brauns et al. 2008, Haxton and Findlay 2008) and their communities
become represented by mobile taxa that can escape decreasing water levels. These
combined effects result in poor habitat and forage for higher trophic levels.
Reservoir mudflats can limit reproduction and age-0 survival of associated fish
assemblages. Water elevations and their fluctuations can indirectly affect reproductive
success and year-class strength by varying the quality and quantity of spawning habitat
available (Zohary and Ostrovsky 2011). Varying water levels can cause egg desiccation if
nests are exposed (Sutela et al. 2002). High sediment loads in the regulated zone can
cause egg mortality if sediment deposits on eggs leading to suffocation (Hassler 1970).
Varying water levels can also cause mortality of juvenile fishes if they are stranded in
residual mudflat pools (Heman et al. 1969). Juvenile fishes typically congregate near
7

submerged vegetation in the littoral zone to escape predation (Hall and Werner 1977).
Without the nursery habitat provided by vegetation, juvenile fish can be preyed on in the
mudflats of reservoirs (Ploskey 1983). To alleviate some of the effects that reservoir
conditions may have on associated fish assemblages, most fish management agencies
expend resources managing reservoir fish habitat (Tugend et al. 2002).
Adequate terrestrial vegetation in the regulated zone of drawdown reservoirs can
benefit fish assemblages. Vegetation can be provided via direct manipulation of water
elevations. Above-average water levels that flooded upland plants increased abundances
of age-0 Largemouth Bass Micropterus salmoides and Roach Rutilus rutilus (Shirley and
Andrews 1977, Miranda et al. 1984, Kahl et al. 2008). Increasing frost-free exposure time
of the regulated zone can enhance natural growth of terrestrial plants, which upon
inundation has increased age-0 Centrarchid growth (Kaczka and Miranda 2014) and
abundance (Martin et al. 1981, Meals and Miranda 1991). Manipulating water levels is a
powerful tool for reservoir managers, however the operational objective of reservoirs
usually requires strict adherence to predetermined elevations for every day of the year.
A second method of improving access to plants is to manipulate and enhance the
plant community in the regulated zone during winter drawdowns. Fast growing coolseason agricultural plants can be planted on mudflats once they are exposed in autumn,
and the plants grow until inundation in the spring (Miranda 2017). This method has been
used for nutrient additions to the water column and turbidity reductions (Hulsey 1959) as
well as to improve Black Bass Micropterus spp. recruitment (Strange et al. 1982, Ratcliff
et al. 2009). Earlier studies tested a few plant species, but observations about individual
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plant performance are limited. Additional information is required to select appropriate
plants for mudflat enhancement.
Submerged performance of agricultural plants is paramount to reservoir mudflat
applications. Ratcliff et al. (2009) planted Cereal Barley Hordeum vulgare that persisted
poorly once inundated. They found that age-0 Black Bass abundances were significantly
greater in an artificial plant bed made of polypropylene rope than in seeded areas and
attributed the difference to the lower structural persistence of plantings. It is unclear
whether varieties of crops will differ in their submerged persistence and a suitable species
has yet to be identified for applications. There is an abundance of literature analyzing
submerged crop performance in relation to forage quality and tolerance (Ashraf 2012,
Tamang and Fukao 2015). Generally, these studies either saturated the root zone or
partially submerged plants for short durations. However, applications that seek to use
crops as fish habitat require information on the fate of vegetative structures entirely
submerged during a period similar to that experienced in mudflats. Additionally,
observations of the structural complexity of plants may offer valuable information on
what types of fish each plant would benefit the most.
The integrity of submerged vegetative structures will likely be shaped by speciesspecific biology. Agricultural plants vary in tolerance to short-term flooding and some
cultivars of species adapted to waterlogged soils, i.e. Rice Oryza sativa, begin dying after
a week of complete submergence (Nishiuchi et al. 2012). Following death, the
persistence of structures will likely be tied to each plant’s fiber (i.e. structural
polysaccharides and proteins) and lignin content. Fiber and lignin are the main
components of plant cell walls and higher concentrations of either stiffen structures and
9

reduce susceptibility to mechanical damage (Rueda et al. 2016, Liu et al. 2018). In
aquatic environments, rates of degradation of these two compounds can vary depending
on soil conditions and the abundance and structure of microbial communities, which are
largely regulated by surface and ground water levels (Zhang et al. 2018). Additionally,
higher lignification of organic material lowers the rate of decomposition in aquatic
environments (Sahrawat 2004). For agricultural plants, legumes and grasses generally
possess similar concentrations of lignin, but legumes have much lower fiber content than
grasses (Moore and Jung 2001) making them more susceptible to mechanical damage.
Hence, crops that exhibit greater concentrations of lignin and fiber may be well suited for
mudflat enhancements.
The purpose of this study was to evaluate under controlled laboratory conditions
the response of various agricultural plants to submergence and to assess their
performance as potential fish habitat. The objectives of this study were to: 1) determine
how long submerged mudflat plantings need to persist in a reservoir to provide effective
fish habitat; 2) determine the length of time plants will persist as suitable fish habitat; and
3) describe the structural complexity of plants submerged over time. I hypothesized that
fiber and lignin concentrations of plants would be positively associated with persistence
of height and complexity. Therefore, I predicted that plants with higher fiber and lignin
concentrations (e.g. grasses) will persist longer than plants with lower concentrations
(e.g. legumes).

10

Methods
Required Persistence Interval
Temporal characteristics of fish habitat use in flood control reservoirs were
required to make comparisons to experimental persistence intervals of agricultural plants.
I selected Enid Lake, located in northern Mississippi, as a model reservoir and to estimate
a required persistence interval. The U.S. Army Corps of Engineers manages the 6,528-ha
reservoir with the primary purpose of flood control and targets a winter drawdown of 6 m
annually (Figure 2.1). Shallow areas of the reservoir have been reduced to mudflats as
previously described (Meals and Miranda 1991). To determine the target planting
elevation contour of shoreline, observations of the rate and timing of exposure, rate of
soil desiccation, and shoreline gradient were made in September and October of 2016 at a
suitable planting site.
Structure in the littoral zone affords critical habitat for many species of lake fishes
during their first year of life (Hall and Werner 1977). As fry grow and become large
enough to be visible to piscivores, they transition to living in structure (Werner and Hall
1988). The timing of this transition represents the minimum length of time mudflat
plantings would need to persist to provide sufficient habitat for juvenile fishes. Thus, the
required persistence interval was defined as the length of time from when the target
planting contour became completely submerged until when juvenile fishes are most
abundant near submerged structure in reservoir mudflats. To determine the use of
structural habitat by juvenile fish in the mudflats of Enid Lake, I sampled fish
congregating near man-made brush piles from May to September 2017. These sites
represented nearly all available structure in the littoral zone of an embayment and would
11

thus attract local fishes requiring structural habitat. Brush piles were randomly selected
and sampled every 2 weeks at a mean depth of 0.8 m (± 0.2 m [SD]). A total of 57
samples were collected from 44 brush piles. Samples taken from different brush piles
were >30 m apart from one another and samples taken from the same brush pile were
temporally separated by >24 hours. A block-net was used to enclose the area within 5 m
of brush piles and lethal doses of rotenone were applied inside the enclosure. Fish were
collected, identified, and measured to total length.
Plant Selection
Crops included in this study were selected based on their ability to: 1) be planted
during winter drawdowns and 2) tolerate poor soil conditions (Table 2.1). All
experimental plants were cool-season annuals that are adapted to germinate during
autumn, grow throughout winter, and reach maturity during spring. This life history
coincides with lake bottom exposure of winder drawdowns. Reservoir mudflat soils
experience months of anaerobic conditions annually, which significantly affect microbial
processes that can reduce nutrient availability for plant uptake, acidify soils, and increase
concentrations of toxic organic compounds and reduced forms of manganese, iron, and
sulfur (Cronk and Fennessy 2001). Additionally, soil particle size can vary depending on
location in the reservoir and dam operation (Luken and Bezold 2000, Wagner and Falter
2002). In a typical agricultural setting, these issues do not exist or can be alleviated via
soil amendments. Due to time constraints imposed by water regimes, mudflat plantings
require immediate establishment once exposed with little to no seedbed preparation.
Because of this, experimental plants selected represent some of the most tolerant coolseason crops that are readily available for purchase within the United States.
12

Experimental Plant Cultivation
This experiment consisted of two trials performed over the course of two years.
Each trial consisted of a cultivation phase (autumn - spring) and a submergence phase
(spring - summer) with timing and duration corresponding approximately to the target
planting contour previously described (Figure 2.1). Plant cultivation lasted between 2 and
7 months at the Mississippi State University (MSU) Wildlife and Fisheries Research and
Educational Facility. Length of growing seasons and replications varied between trials
and treatments (Table 2.2) due to autumn cultivation failure during both years that
required supplemental plantings during the winter and early spring. A total of 207 pots
(15 cm diameter) were filled with locally purchased bagged topsoil, seeded, and fertilized
(6:2:1, N-P-K ratio) every two weeks. This soil possessed macronutrient concentrations
and pH values more conducive to growth than those typically found in reservoir mudflats.
To identify potential soil effects on growth, prior to submergence I compared height of
potted plants with plants grown in the mudflats during a concurrent study (Hatcher 2018).
Cultivar seed germination and purity ratios determined seeding rates. Plants were housed
outdoors beneath a hoop frame structure outfitted with herbivore-excluding netting and
were occasionally transported into a greenhouse during freezing temperatures. All plants
during trial 1, except for Balansa Clover Trifolium michelianum, reached maturity by
producing well developed stems supporting seed heads. None of the plants in trial 2
reached maturity and much of the above ground biomass were leaves.
Plant Submergence
The submergence phase occurred at the MSU South Farm Aquaculture Facility.
Plants were prepared by covering soil with gravel to prevent suspension and fastening
13

bricks to the bottom of pots to reduce buoyancy. Plants were entirely submerged in flowthrough fiberglass aquaculture tanks (2.4 m diameter, 1.4 m height) that were outdoors
and shaded for the three-month study period. For trial 1, replicates were submerged in
one tank and randomly assorted ~30 cm from the tank wall. For trial 2, equal replicates of
each treatment were randomly assigned to 5 tanks and then randomly assorted like trial 1.
Water levels were held constant at 1.2 m and were continuously aerated and circulated in
and out of tanks as needed to reduce turbidity and algal growth. Water circulations and
aeration provided limited agitation. These experimental conditions excluded wind and
wave action, both of which contribute to degradation of structure and vegetation in
shallow water (Miranda 2017). The rate at which reservoirs fill will likely affect the
intensity and duration of wave degradation by exposing different portions of plants to
heightened hydraulic forces at the lake surface but will reduce in intensity as depth
increases. Rapid spring flooding events could quickly inundate reservoir plantings and
potentially reduce the total time vegetation is affected by surface waves. Therefore,
experimental conditions of this study were the best possible and the results likely
represented an upper limit of estimated persistence times of these crops.
Structural Measurements
Structural measurements were extracted from underwater photographs taken at a
standardized height and distance away from plants between 1-3 times per week. A
Fujifilm FinePix XP70 camera mounted on a PVC rod produced images with a resolution
of 16.4 MP. A reference scale was included in every image to account for refraction.
Using ImageJ2 software (Rueden et al. 2017), images were scaled and then the maximum
height of vegetation was measured to the nearest tenth of a centimeter by drawing a
14

vertical line from substrate to the height of the tallest structure. Stem density of
submerged macrophytes is often used to index habitat complexity and can mediate
predator-prey interactions (Crowder and Cooper 1982, Savino and Stein 1982). Thus,
structural density (n) was included as an indicator of complexity and was measured by
counting all basally connected and independently originating structures. This definition
does not differentiate between shoots and leaves due to difficulty distinguishing them in
photographs. Structures were no longer measured or counted if they disconnected from
the basal portion of plants. During the second trial, excessive growth of Oedogonium sp.
(filamentous algae) obstructed visibility and ended observations of 25% (22/87) of plants
still retaining structure prior to the end of the trial.
Statistical Analyses
Required Persistence Interval
Dates of maximum relative abundance of juvenile Largemouth Bass (M.
salmoides), Black Crappie (Pomoxis nigromaculatus), and White Crappie (P. annularis)
were used to determine the required persistence interval. I selected these species because
they are often associated with vegetative cover. To exclude cohorts ≥1 year of age, I used
abundances of fishes with total lengths less than those of age-0 total lengths defined for
the state of Mississippi in Ross et al. (2001). Catch per unit effort (CPUE) indexed
relative abundances of game species at brush piles.
Post-Submergence Growth
Post-submerge growth was defined as the highest net positive difference between
original mean maximum height and daily mean maximum height values for each plant
15

treatment. Quantity of days until each plant reached its greatest height value were
averaged for each treatment to estimate the duration of growth. I used analysis of
variance (ANOVA) to test the effect of year and tank on post-submergence growth and
duration of growth.
Persistence Time and Probability
Time-to-event models were used to estimate persistence time of treatments. The
event for the models was defined at a maximum height of 0 cm, i.e. when all vertical
structure was lost. The response variable, persistence probability, integrated the length of
time plants persisted and whether or not an event occurred (complete degradation) to
estimate the probability of plants persisting during each unit of time. Persistence
probability, i.e. the survival function, was estimated using the Kaplan-Meier method,
which is a non-parametric maximum likelihood estimator based upon conditional
probabilities of plants persisting over time (Harrell 2015). The time at which the
persistence probability was equal to 0.5 (median event time) defined persistence times of
plant treatments. I used non-parametric log-rank tests to test for differences in persistence
probabilities of trials and plant treatments. This was done by comparing the observed and
expected quantities of events over time to test the null hypothesis that there was no
difference among groups of plants.
Structural Complexity
Changes in structural complexity of vegetation over time was characterized using
generalized linear models (GLM) (Zuur et al. 2009). Plant replicates with complete cases
for all time intervals were included in models, i.e. those unaffected by algae growth.
16

Quantity of structures for each potted plant served as the interval response variable.
Predictors were plant treatment (categorical), submergence-time (continuous), year
(categorical), and all possible 2-way interactions. To test the effect of plant treatment and
its interaction with time, two separate models were used for each year since plant
treatment levels were unbalanced. Tank did not have a significant effect when included as
a categorical predictor and was thus not included in the final model. To test the effect of
year (length of growing season), data for plant treatments used in both years (i.e. Balansa
Clover, Marshall Ryegrass Lolium multiflorum, and Triticale xTriticosecale) were
modeled. Poisson distributions were used in most cases and quasi-Poisson models were
used when dispersion parameters were > 2 (Zuur et al. 2009). For quasi-Poisson models,
the mean-variance relationship was defined as the variance being equal to the product of
the mean and dispersion parameter.
Results
The target planting contour resided between the 74.7 m and 76.2 m elevations
(upper 1.5 m) of the guide curve (Figure 2.1). This contour would be exposed long
enough to: 1) dry and become suitable for sowing before the end of the planting season,
and 2) allow for full maturation of cool season crops. The predetermined date of
complete inundation was on May 1 (Figure 2.1). Catch rates of Largemouth Bass, Black
Crappie, and White Crappie increased in May, peaked in mid-to-late June, and decreased
thereafter. Considering this pattern, I estimated the required persistence interval to be at
least 50-60 days (Figure 2.2).
The rich soils used in this experiment did not enhance growth when compared to
reservoir mudflat plantings grown in poor soils. Marshall Ryegrass and Triticale grown in
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trial 1 resembled those grown in mudflats of Enid Lake planted by Hatcher (2018).
Mudflat plantings matured, produced seed, and reached heights that were either taller or
the same as the potted plants used in this study. However, growth of Balansa Clover in
mudflats and in pots was poor. In mudflats, growth was poor most likely due to drought,
low soil pH and nutrients, and low seeding rates that would have been appropriate for an
agricultural setting but not for mudflats. In pots, growth was poor most likely due to frost
mortality and over estimation of seeding rates.
Post-submergence growth was observed during both trials (Table 2.3, Figure 2.3).
On average, the highest values for height were realized 5 days (± 4.1 days [SD]) and 14
days (± 6.4 days [SD]) following inundation for trials 1 and 2 respectively. Nelson
Ryegrass L. multiflorum demonstrated the longest period of post submergence growth (𝑥̅
= 19 days ± 6.7 days [SD]) during trial 2 and Triticale the shortest (𝑥̅ = 3 days ± 5.1 days
[SD]) during trial 1. Marshall Ryegrass elongated the most during both trials and Triticale
the least during trial 1. All plants other than Marshall and Nelson Ryegrass had minimal
growth during the second trial. There was no difference in plant growth among tanks
(ANOVA, F = 0.41, df = 4, P = 0.8) but there was a significant effect of tank on duration
of growth (ANOVA, F = 4, df = 4, P = 0.004). Year significantly affected extent of
growth (ANOVA, F = 4, df = 1, P = 0.049) and duration (ANOVA, F = 39.7, df = 1, P <
0.01).
Following the post-submergence growth period, maximum height of plants
deteriorated. Overall persistence was greatest during the first trial where 85% (17/20) of
plants retained structure until the end of the 90-day submergence period and were thus
right-censored at a fixed time. During the second trial, right-censoring occurred randomly
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when the excessive algae growth previously described prevented and ended observations
for 25% (22/87) of plants prior to reaching an event. All observable plants in the second
trial did not persist longer than 77 days. An ANOVA indicated no difference among
tanks in the persistence of individual plants (F = 1.8, df = 4, P = 0.14).
Few plant cultivars retained structure for a length of time required to provide
habitat for juvenile fish. Marshall Ryegrass and Triticale in trial 1 were the only
treatments with median persistence times greater than the required persistence interval
(Figure 2.2). Marshall Ryegrass, Nelson Ryegrass, and Triticale in trial 2 were
completely deteriorated 6 to 8 days before the required persistence interval. Oat Avena
sativa and Wheat Triticum aestivum had moderate persistence times and Balansa Clover
the lowest. Persistence probability significantly differed between the two trials (X2 =
38.3, df = 1, P < 0.01). Plant treatment had a significant effect on the persistence
probability for trial 1 (X2 = 15, df = 2, P < 0.01) and trial 2 (X2 = 68.7, df = 5, P < 0.01)
(Figure 2.3). Persistence probability significantly differed when both treatment and year
were included as independent variables (X2 = 117, df = 8, P < 0.01).
Age and cultivar significantly affected the rate that structural complexity
declined. Complexity models included all replicates of trial 1 and 66% (57/87) replicates
of trial 2 (unaffected by algae growth). Complexity decreased at a significantly higher
rate during trial 2, as indicated by a significant interaction of year and submergence time
(quasi-Poisson GLM, dispersion parameter = 2.5, F = 362, df = 1, P < 0.01) (Figure 2.3).
For trial 1, plant treatments significantly interacted with submergence time (Poisson
GLM, Residual Deviance = 466, df = 2, P < 0.01). Triticale and Marshall Ryegrass
appeared to have a nearly linear decay of complexity, whereas Balansa Clover decayed
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logarithmically. Plant treatments significantly interacted with submergence time for trial
2 as well (quasi-Poisson, dispersion parameter = 2.8, F = 162, df = 5, P < 0.01). The
complexity of all plant treatments rapidly decreased during trial 2, Balansa Clover
decreasing at the fastest rate. Both cultivars of Ryegrass as well as Triticale exhibited low
and similar rates of decay.
Discussion
The results of this study suggest that cool-season crops can persist as structure
long enough to provide fish habitat. However, their ability to do so is limited by the
length of the growing season. This strong effect of plant age on persistence of monocot
grasses (Rancour et al. 2012) and legumes (Bidlack and Buxton 1992, Kratchunov and
Naydenov 1995) occurs because as they age their cell wall lignin content increases which
strongly increases stem strength and resistance to breaking (Peng et al. 2014).
Additionally, as plants transition from vegetative (immature) to reproductive (mature)
phases, stems elongate and dominate above ground biomass (Moore and Jung 2001).
Stems are less metabolically active and more lignified than leaves. In this study, all trial 1
grasses were in their reproductive or seed-ripening phases whereas trial 2 plants were in
their vegetative or early-elongation phases (Moore et al. 1991). Balansa Clover replicates,
during both trials, were in the vegetative phase (Kalu and Fick 1980). These differences
in age meant that trial 2 plants were more vulnerable to degradation and had a higher
capacity for stem growth than trial 1 plants. This difference can most notably be seen in
the performance of trial 2 plants where the total post submergence growth, duration of
growth, and degradation rates of height and complexity were much higher than trial 1
plants.
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Changes in height of plants following inundation can be an indicator of oxygen
deprivation tolerance. For intolerant varieties, critical physiological processes can be
interrupted in just a few hours of waterlogged soils, leading to death (Cronk and
Fennessy 2001). One tactic of tolerant plants to survive anaerobic conditions is to enter a
state of quiescence by ceasing growth, conserving carbohydrates, and regulating harmful
biproducts of anaerobic respiration that accumulate in cells (Fukao and Bailey-Serres
2004, Tan et al. 2010). Another common tactic is responding morphologically by
modifying or increasing the height of structures to access, transport, or store atmospheric
oxygen at the water’s surface. For some plants, extent of submergence mediates response
tactic (Manzur et al. 2009).
Initial responses of agricultural plants in this study were similar to those of other
studies of waterlogged soils or short durations of submergence. Biomass of Balansa
Clover was nearly unaffected by soils submerged for 35 days and modified its roots for
improved oxygen accession and storage (Gibberd et al. 2001). These results, as well as
those of this study, suggest that Balansa Clover is moderately tolerant of short-term
flooding and capable of modifying both above and below ground structures depending on
extent of submergence. Marshall and Nelson Ryegrass demonstrated the highest flood
tolerance of experimental species by growing the most and for the longest time. Although
the cultivars of annual Ryegrass included in this study appeared to have a heightened
ability to tolerate submergence, other annual Ryegrass varieties may not. Yu et al. (2012)
and Liu and Jiang (2015) identified flood-tolerant cultivars of perennial Ryegrass L.
perenne L. and others that were more susceptible. Cereal grains grew poorly in
waterlogged soils (Thomson et al. 1992, Watkin et al. 1998); however, Oat survived
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longer (Cannell et al. 1985). Cereal grains in this study all responded similarly following
submergence by growing minimally and for moderate durations.
Differences in persistence of plants following growth was most likely indirectly
shaped by species biology. For Balansa Clover, the generally low fiber concentrations of
legumes (Moore and Jung 2001) and the experimental plant immaturity during both trials
could explain why it repeatedly persisted poorly, which supports the prediction that
legumes degrade faster than grasses. As previously mentioned, all plants during trial 2
had a shorter growing season and thus less time to develop lignin than trial 1.
Additionally, rapid growth of plants, such as that induced by submergence for flood
tolerant varieties, can make them vulnerable to mechanical damage since the new
elongating tissue has very low lignin content (Sauter and Kende 1992). Rapid
degradation during trial 2 was most likely an additive effect of relatively low lignin
content of juvenile plants and rapid growth of degradable tissue following inundation,
thus I failed to reject my hypothesis that lignin content and persistence are positively
associated.
Persistence of agricultural plants applied on reservoir mudflats is understudied
and could explain temporal variations in fish response. A summer drawdown of a multipurpose reservoir, Lake Nottely, GA, enabled mudflat plantings of Sudangrass Sorghum
bicolor var. sudanese, Sorghum S. bicolor - Sudangrass hybrid, Fescue Festuca sp., and
Rye Secale cereale that were flooded for ~ 2.5 months (Strange et al. 1982). Abundances
of juvenile fishes were consistently higher in seeded than unseeded areas throughout the
submergence period suggesting that plants continued to provide favorable structural
habitat until dewatered. Ratcliff et al. (2009) documented persistence of reservoir mudflat
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plantings of Cereal Barley H. vulgare in Shasta Lake, CA. After a month of
submergence, 85% of height was reduced and 90% of stems fell over and were covered in
sediment. The mature grasses of my study persisted longer than Ratcliff et al. (2009)
most likely because of the absence of wind and wave disturbances. Additionally, the
Cereal Barley used in Ratcliff et al. (2009) has a lower acid detergent fiber (measure of
cellulose and lignin) concentration than the Triticale used in this study (Harper 2008),
meaning that Triticale could be less vulnerable to degradation than Cereal Barley.
Characteristics of the complexity of each experimental plant in this study could be
used to predict how different life stages of fish would benefit. Of the two plants that
persisted past the required persistence interval (i.e. Marshall Ryegrass and Triticale), trial
1 Triticale maintained the highest percentage of its original stem quantity throughout the
trial. Juvenile structure-oriented fish have been shown to select for habitats with higher
densities of stems when evading predators (Gotceitas and Colgan 1987, 1990). Thus,
plantings of Triticale may provide long lasting structure with high complexity that may
be favorable to juvenile fish. Whereas plantings of the Marshall Ryegrass will provide a
similar percentage of its original height for an equal amount of time as Triticale, but
Ryegrass may lose stems at a greater rate. As the density of stems decreases the size of
interstitial spaces among stems will increase allowing larger adult fish to utilize habitat
and improve prey capture success (Lynch and Johnson 1989, Lillie and Budd 1992,
Dibble and Harrel 1995). Therefore, Marshall Ryegrass could be planted for enhanced
habitat with open spaces varying in size and Triticale for enhanced habitat that is dense
and complex.
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The timing and rate of reservoir bottom exposure determined how much area
could be planted and when. The target planting contour at Enid Lake dried sufficiently
for planting in 3-5 weeks of exposure. Lake bottom must be exposed early enough to dry
and be sown during suitable temperatures so plantings can establish prior to the onset of
winter temperatures. This is because seeds and seedlings are vulnerable to cool and
freezing temperatures that can result in mortality, although tolerance varies among
species and cultivars and is influenced by environmental conditions such as light, water,
and nutrient availability (Tanino and McKersie 1985, Limin and Fowler 1987).
Generally, optimum air temperatures for seed germination are between 15º and 30º C and
survival can be greatly improved if initial water uptake by seeds occurs above 20º C prior
to exposure to cold temperatures (Pollock and Toole 1966, Copeland and McDonald
2001). Additionally, if sown too late, plantings may not complete their life cycle since
many winter species require prolonged exposure to cold temperatures to reach maturation
when temperatures rise during spring. Due to these seasonal constraints, optimum
planting dates of most cool-season agricultural plants in North America are between early
to mid-autumn, although cultivar-specific planting dates should be adhered to (Limin and
Fowler 1987, Harper 2008). This means that reservoirs that do not lower water early
enough may not be planted or will have poor results if they plant too late and shorten the
length of the growing season.
Management Implications
The results of this study suggest use of crops for fish habitat enhancement is
feasible. Marshall Ryegrass performed the best for potential adult-fish habitat
enhancement and Triticale for potential nursery habitat enhancement, but triticale may
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have a higher chance of failing if temporarily submerged too early. For agricultural plants
to enhance juvenile fish habitat, mudflats need to be sown during the planting season and
flooded during the spring following the full life cycle of annual plants. An early flooding
event could cause crop failure or rapid degradation of plantings. Conversely, a prolonged
drought during the following spring and summer would negate the benefits of planting by
failing to submerge treated lake bottom. Because of this, it is important to consider the
risks that plantings may not achieve management objectives and consider drawdown and
flooding cycles in planning.
Applications of the two best performing species of this study, Triticale and
Marshall Ryegrass, will differ by total labor and cost. Triticale seeds are larger and
denser than annual Ryegrass making its seeding rate (160 kg/ha) approximately 4 times
as high as annual Ryegrass (42 kg/ha) (note: seeding rates for pure live seed were
provided by Harper (2008) and were adjusted with the germination and seed purity ratios
of the cultivars used in this study). High seeding rates can become time and labor
intensive as area planted increases requiring transportation and dispersal of large
quantities of seed. Additionally, higher seeding rates may have higher monetary costs due
their greater mass. For example, based on 2018 prices obtained from seven online
distributors of seed in the United States, both diploid annual Ryegrass (e.g. Marshall,
Gulf) and Triticale costed on average US$2.58/kg, but given seeding rates would cost
approximately $108 and $413 per hectare, respectively. It should be noted that cost and
availability of crop cultivars differ annually due to variations in production.
When selecting a crop for habitat enhancement it is prudent to consider the
potential ecological impacts. One of the best performing species in this study, annual
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Ryegrass, is a highly adaptable fast-growing species native to Europe (McKell et al.
1969). These qualities have led to its widespread use as a winter forage crop where more
than 1 million hectares are planted annually in the Southeastern United States (Blount
and Prine 2016). Poor control of annual and perennial Ryegrass (Lolium spp.) has led to
their introduction to every state in the United States (USDA 2018). Although natural
regeneration of annual Ryegrass is poor, it is listed as an invasive species in some parts of
the United States most likely due to its ability to suppress and outcompete neighboring
grasses and forbs in favorable conditions (McKell et al. 1969, Butler and Ladd 1985,
Hashem 1998). For mudflat applications, the results of this study demonstrate that
plantings will die and senesce following a 3-month flooding period thus controlling
applications. However, managers should consider the potential of low precipitation
events that preclude or curtail spring inundation and potentially facilitate dispersal of
crops to upland habitats. If there are concerns of managing established plantings then the
other top performing species in this study, Triticale, could be applied as a conservative
alternative to annual Ryegrass. There have been no documented introductions of Triticale
in the United States or Canada (USDA 2018) outside of agricultural practices.
Additionally, long-term establishment of unmanaged Triticale plantings is unlikely due to
its inability to develop a self-sustaining seedbank (Raatz et al. 2012) and its slow growth
during initial life stages that could weaken its ability to compete with established upland
vegetation (Salmon et al. 2004).
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Tables
Table 2.1

Optimal Planting Conditions of Experimental Annual Crops

Cultivar

Scientific
Name

Planting Date*

Optimal Soil
Conditions*

Cost
(US$ /
ha)⁑

Sandy to clay;
tolerates shade,
Trifolium
Balansa Clover
poor drainage, and
$130
michelianum
moderate salinity;
pH: 4.5 – 8
Marshall
Most textures;
Ryegrass
$105
Aug 15 –
tolerates poor
Lolium
(diploid)
Oct 15;
drainage; moderate
multiflorum
Feb 15 – Apr 1
fertility
Nelson
requirements; pH:
Ryegrass
$135
5.8
–
6.5
(tetraploid)
Aug 15 –
Sandy to clay;
Oat
Avena sativa Oct 15; Feb 15
well-drained;
$385
– Mar 15
pH: 6 – 6.5
Sandy to clay;
Aug 15 –
Triticale
x Triticosecale
well-drained;
$410
Oct 15
pH: 5.8 – 6.5
Light-textured;
Triticum
Aug 15 –
Wheat
well drained;
$375
aestivum
Oct 15
pH: 6 – 7
* Information provided by Harper (2008) and Grassland Oregon (2018).
⁑ Mean prices of crops per hectare planted. Prices of seed were obtained from seven
online providers in 2018 based upon 22.7 kg bags. Due to seasonal variations in
availability of seed, prices represent a mix of cultivars. Seeding rates (kg / ha) were
provided by Harper (2008) and Grassland Oregon (2018) and were adjusted with %
germination and % pure seed of the cultivars used in this study.
Sep 15 –
Oct 30
(southeastern
US)
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Table 2.2

Cultivation Duration and Replication Quantity of Experimental Plants

Trial 2
Replicates
Cultivation
Feb – May
Balansa Clover
4
Jan - May
12
Mar – May
Oct – May
Feb – May
Marshall Ryegrass
8
15
Jan – May
Mar – May
Feb – May
Nelson Ryegrass
15
Mar – May
Feb – May
Oat
15
Mar – May
Oct – May
Feb – May
Triticale
8
15
Jan – May
Mar – May
Feb – May
Wheat
15
Mar – May
Trial 1 began in autumn 2016 and ended summer 2017 and Trial 2 began in winter 2018
and ended summer 2018. Empty rows in Trial 1 indicate treatment species that were not
used.
Cultivar

Trial 1
Replicates
Cultivation
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Table 2.3

Cultivar

Persistence and Growth of Submerged Agricultural Plants
Persistence
Time
(median
days)

Trial 1
Growth
(𝑥̅ cm ±
sd)

Growth
Days
(𝑥̅ days ±
sd)

Persistence
Time
(median
days)

Trial 2
Growth
(𝑥̅ cm
± sd)

Balansa
31
5 ± 1.2
6 ± 1.0
21
3 ± 2.6
Clover
Marshall
90
7 ± 4.6
6 ± 3.8
44
16 ± 5.8
Ryegrass
Nelson
42
14 ± 2.9
Ryegrass
Oat
31
3 ± 0.8
Triticale
90
2 ± 3.0
3 ± 5.1
42
3 ± 1.8
Wheat
27
4 ± 1.9
Empty rows in Trial 1 indicate treatment species that were not used.
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Growth
Days
(𝑥̅ days
± sd)
9 ± 3.2
18 ± 5.5
19 ± 6.7
10 ± 3.4
13 ± 6.4
12 ± 5.1

Figures

Figure 2.1

Elevation Guide Curve of Enid Lake, MS, and the Inundation Date of the
Target Planting Contour
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Figure 2.2

Relative Abundances of Juvenile Centrarchids Inhabiting Brushpile Fish
Attractors in Enid Lake, MS, and Median Structural Persistence Times of
Submerged Agricultural Plants

Fish were sampled in an embayment from May through September 2017. The required
persistence interval highlighted the point when juvenile Centrarchids were seeking cover
the most. Persistence times of crops were plotted beginning May 1st since this was the
complete inundation date of the target planting contour.
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Figure 2.3

Mean Relative Height, Persistence Probabilities, and Predicted Stem
Densities of Submerged Agricultural Plants Over Time

Persistence probability plots are Kaplan Meier curves of the survival function.
Complexity plots are the predicted values of the generalized linear models describing
stem densities of the various crops.
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SELECTION OF HABITAT-ENHANCING CROPS DEPENDS ON
PREDATOR-PREY INTERACTIONS
Introduction
Access to submerged structural habitat for fish is poor in most drawdown
reservoirs. Water level fluctuations seasonally expose and inundate an interval of
shoreline elevations known as the regulated zone. In this area, establishment of aquatic
and wetland plants is suppressed due to large water level fluctuations (Bayley 1995), the
unnatural storage of flood-waters during the summer growing season (Baldwin et al.
2001, Greet et al. 2013), and exposure during harsh winter temperatures (Beard 1973).
Upland vegetation in the regulated zone can temporarily boost submerged structure once
flooded, but the brevity of exposure and unsuitable temperatures of winter drawdowns
restrict growth. Submerged coarse woody habitat (CWH) is sparse since most trees in the
shallow areas of reservoirs are cut prior to impoundment (Prince et al. 1977) or die
afterwards due to flood intolerance (Green 1947). The remaining submerged portions of
wood degrade after a few decades and natural additions are few (Miranda 2017). The
resulting barren mudflats are smoothed out and become featureless from erosion and
sedimentation. The culmination of these factors can limit the productivity of associated
fish assemblages by reducing reproductive success of adults (Hassler 1970, Sutela et al.
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2002, Zohary and Ostrovsky 2011) and recruitment due to high juvenile mortality
(Heman et al. 1969, Ploskey 1983).
Fish habitat enhancement is common in many reservoirs and most natural
resource agencies expend time and effort in the process (Tugend et al. 2002). A common
strategy of improving areas that are unnaturally void of structure is to deploy artificial
reefs made of wood, stone, or artificial materials (Prince et al. 1977, Miranda 2017).
Reasons for constructing artificial reefs include concentrating sport fishes to improve
angling opportunities (Prince and Maughan 1979, Moring et al. 1989), boosting primary
and secondary productivity via improved attachment substrate (van Dam et al. 2002),
improving reproductive success of substrate spawners, and increasing local abundances
of juvenile fishes (Prince et al. 1977). Construction and deployment of structures may be
costly and labor intensive and effects can vary depending on characteristics of the
structure, depth, reservoir bottom, and species interactions (Pardue and Nielson 1979,
Walters et al. 1991).
Boosting growth of terrestrial vegetation in the regulated zone is an effective and
efficient method for fish habitat enhancement in flood control reservoirs. This can be
accomplished by planting fast-growing agricultural plants on exposed mudflats. Natural
resource professionals can treat expansive regions of shorelines with minimal costs and
personnel (Miranda 2017). Previous applications of Cereal Barley Hordeum vulgare,
Fescue Festuca sp., Sudangrass Sorghum bicolor var. sudanese, Sorghum S. bicolor Sudangrass hybrid, and Rye Secale cereale have been used for nutrient additions to the
water column, turbidity reductions, and improved structural refuge for juvenile Black
Bass Micropterus spp. (Hulsey 1958, Strange et al. 1982, Ratcliff et al. 2009). Studies
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reported increased juvenile Centrarchid densities in seeded areas compared to unseeded
areas. However, the few plant species that were tested were not compared to one another
in terms of benefit to fish. Additionally, the plantings of Strange et al. (1982) and Ratcliff
et al. (2009) were intended to serve as juvenile fish refuge but observations of adult
piscine predator activity were limited. Without knowledge of use and behavior of adult
predators in agricultural plantings it remains unclear whether these beds were
concentrating juvenile fishes for heightened predation or providing a refuge space free of
large predators.
Understanding how different agricultural plants mediate predator-prey
interactions could provide information on their application. Plants that inhibit prey fish
detection by predators and discourage the use by large predator fishes could be used as
refuge habitat enhancement to potentially boost recruitment of structure-oriented juvenile
fishes. Other plants that can be accessed by both predators and prey and that facilitate
moderate levels of predation could potentially reduce predation enough to sustain prey
fish populations while improving growth of predators by increased forage abundance. A
similar structure-mediated effect was observed by Sass et al. (2006) where adult
Largemouth Bass grew significantly faster in a section of an oligotrophic lake that
possessed a high density of littoral CWH compared to a section with reduced littoral
CWH. The higher amount of submerged structure limited predation and increased
densities of the prey fish, Yellow Perch Perca flavescens. For submerged crops,
interspecific variations in growth and plant architecture could influence prey capture
success.
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Plant architectural metrics that influence higher trophic levels in aquatic and
terrestrial environments were best grouped by Warfe et al. (2008) as those that describe
the spaces between structures, the surface of structures, and the entire plant. Length and
frequency of gaps between submerged structures has been shown to alter accessibility,
mobility, and diet of associated freshwater fishes (Johnson et al. 1988, Lynch and
Johnson 1989, Dibble and Harrel 1995, 1997). Additionally, the average size of
interstitial spaces within vegetation and average size of predators can be used to estimate
the volume of predator-free living space or to index the refuge potential for epiphytic
invertebrates (Warfe et al. 2008). The fractal dimension of plants is the degree of surface
convolution at varying scales of measurement. Invertebrate diversity and abundance
increased, and body size decreased, with increasing fractal dimension of upland woody
vegetation and artificial hydrophytes submerged in ponds (Morse et al. 1985, Jeffries
1993). However, estimating fractal dimension requires multiple precise photographs of
vegetative structures which may be difficult without disturbing plants. Shape of
hydrophyte leaves is a coarse qualitative descriptor and indirectly influenced the
abundance and diversity of epiphytic invertebrates via top-down control by predators
(Warfe and Barmuta 2004, 2006). Perhaps one of the easiest quantified and widely used
whole-plant vegetation metrics is stem density, which has been shown to alter the
behavior and feeding activities of fishes (Savino and Stein 1982, Crowder and Cooper
1982, Gotceitas and Colgan 1987, 1990). Studying the influence of stem density on crop
selection by common reservoir fishes could provide insight on why plant species are
selected.
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The purpose of this study was to analyze the selection of agricultural plants by a
predator, adult Largemouth Bass M. salmoides (hereafter referred to as LMB), and prey,
juvenile Bluegills Lepomis macrochirus, (hereafter referred to as BLGL). I hypothesized
that selection will be influenced by plant architectural characteristics, such as stem
density and leaf morphology, and that selection of these characteristics by predator and
prey will differ. I predicted that BLGLs would select the highest stem densities and the
broadest leaves because of higher cover quality. I predicted LMB would select
intermediate stem densities with thin flattened leaves for ease of prey capture. I also
hypothesized that plants selected by fishes would differ depending on whether predator
and prey were interacting. I predicted that prey and predator would select a wider variety
of plant species, stem densities, and leaf morphologies when separated but selected
varieties will be narrower when the two species are in the presence of one another. This is
because when the threat of predation is apparent, prey fish will select habitat based on
refuge quality but may distribute to other habitats when predators are absent (Savino and
Stein 1989). Predators would likely search all tank areas when prey are absent but
increase their search time and use in areas where prey are detected.
Methods
Experimental Plants
I used the same plant treatments that were tested in Trial 2 of Chapter 2 (Table
2.1) with the addition of Arrowleaf Clover T. vesiculosum. Experimental plants
represented a range of architectural complexities. Groupings of the experimental plants
were two clover species (family Fabaceae - legumes) and five grasses (family Poaceae)
including two annual Ryegrass cultivars and three cereal grains. The morphology of
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clovers represented some of the highest densities of growth in this study due to their short
broad leaves that form crown rosettes and their high stem densities (Hall 2008, Harper
2008). The broad leaves of the clovers were predicted to be the favorable morphology of
BLGLs. The Ryegrasses will likely have moderate complexity because they are highly
tillered and produce numerous long flat leaves of little surface convolution (Blount and
Prine 2016). The cereal grains represent the lowest complexity, with tall upright strait
stems of low densities (Gibson et al. 2008, Mohammad et al. 2011). LMB were predicted
to select grasses more than clovers, with the cereal grains selected most due to ease of
maneuverability through strait stems.
Plant Cultivation
The design of this experiment was to cultivate plants from autumn to late spring
(May) and then to submerge and perform all trials within two weeks. The timing of
cultivation and submergence was designed to simulate planting in the regulated zone.
However, due to autumn cultivation failure, actual cultivation began in late winter
(February and March). Plastic nursery pots (n = 42, diameter = 15 cm, height = 12 cm)
filled with topsoil were hand sown with seeds in the upper 1 cm of soil. Cultivar
germination and purity ratios determined quantity of seed applied. Plants were primarily
grown outdoors and were occasionally transported into a greenhouse to protect from
freezing temperatures. Pots received fertilizer applications every two weeks (6:2:1, N-PK ratio) to prevent additional cultivation failures. At the beginning of the experiment,
shoot density (n) and maximum height (cm) were recorded for each plant. Six pots filled
with soil from the same source as the plants served as an unseeded treatment meant to
resemble barren conditions of reservoir mudflats.
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Predator and Prey Fish
Hatchery raised juvenile BLGLs (n = 260; mean TL = 72 mm ± 6 mm [SD])
served as the prey species and adult LMB (n = 30; mean TL = 254 mm ± 33 mm [SD]) as
the predator species. BLGLs of this size class were selected because they depend on
submerged vegetation as refuge in natural settings (Werner and Hall 1988). The LMB
size class was selected to be like other studies investigating predator-prey behavior
mediated by habitat (Savino and Stein 1982, Gotceitas and Colgan 1987, 1990, McCartt
et al. 1997). Prey and predator fish were housed separately in two outdoor flow-through
tanks (6400 L) for three weeks prior to the first trial. BLGLs were fed commercially
prepared pellet feed until satiation three days per week. LMB were fed live locally
captured juvenile BLGLs at approximately 2% body weight three days per week
(Barrows and Hardy 2001). All LMB were starved between 24 and 72 hours prior to their
respective trials. Water temperatures averaged 22º C (± 3º C [SD]) and dissolved oxygen
7.4 ppm (± 0.9 ppm [SD]) and were not significantly different among tanks [two-sample
t-tests (temperature, t = 0.3, df = 35, P = 0.77), (DO, t = 0.1, df = 21, P = 0.93)].
Experimental Arenas
Three circular flow-through fiberglass tanks (2.44 m diameter, 1.37 m height)
served as the experimental arenas and were in the same location as the holding tanks. To
make the vegetation-soil interface even with the bottom of the tank, circular wood
platforms cut to the diameter of the tanks were fixed 21 cm from the bottom of tanks.
Foam padding filled any gaps between the tank walls and platforms to prevent fish from
entering space below the platforms. Two concentric rings of eight equally spaced holes
were cut into the platforms to hold the pots so that their tops were flush with the platform
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(Figure 3.1). The exterior and interior rings were 15 cm and 56 cm from the tank wall.
This arrangement was selected to determine the effect of tank wall on habitat selection of
fish since other studies identified an affinity of BLGLs to tank walls (Savino and Stein
1982, Moody et al. 1983, Gotceitas and Colgan 1987, 1990, DeVries 1990). Each arena
had a plastic rod fixed across the top suspending two cameras, each recording one half of
the arena for all experimental trials. Fishes were monitored and observed by reviewing
video footage following trials. Cotton sheets stretched over the camera arrangements
covered the arenas to reduce glare and disturbances to fish. All materials used possessed
a similar tan hue that resembled the experimental arena walls. Tanks were filled to a
depth of 76 cm (55 cm above platform) with well water and flow and aeration were
constant when trials were not taking place. Plants were prepared for inundation by
covering exposed soil with a layer of gravel to prevent suspension and fixing bricks to the
bottom of pots to reduce buoyancy.
Experimental Design
Two replications of each plant treatment were randomly assigned to each of the
three tanks, were submerged two days prior to the first trial, and remained underwater for
ten days until the last trial. Prior to each trial, one pot of each plant treatment was
randomly assigned to the interior and exterior ring, then the plant treatment arrangement
was randomized within rings. Pot and plant treatment arrangements were replicated for
all three tanks for each trial.
Each arena housed one or two 0.5 h trials per day for eight days. Trials were
always performed in the three arenas at once and were initiated within 0.25 h of one
another. However, camera failure resulted in some trials not being recorded at the same
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time as the other arenas. Three ecological conditions, Prey Only (PY), Predator Only
(PD), and Prey & Predator (PP), were randomly assigned to the arenas for each set of
trials. PY trials began by releasing 10 BLGLs into the center of each tank for a half hour
acclimation period. Following acclimation, counts of fish in all regions of the tanks (see
below) were documented at 5-minute intervals (Savino and Stein 1989) for 0.5 h resulting
in 6 observations. PD trials followed the same protocol as PY except using a single LMB.
PP trials were adapted from Chick and McIvor (1997) and consisted of releasing 10
BLGLs into the center of the tank and a LMB in a permeable 62.5 L (60 cm x 41 cm x 34
cm) container placed in the tank for 0.5 h acclimation. The container was meant to
separate predator and prey while allowing both to acclimate to similar conditions. The
predator was released following acclimation and counts of prey and predator were
recorded at 5-minute intervals for 0.5 h. Fish were measured for weight and total length
prior to each trial and used in no more than one trial.
Fish Behavior
Counts of fish demonstrating different behaviors during trials were documented
during each of the 6 sampling intervals previously described. For LMB, behaviors were
searching (moving but not orienting towards prey), following (orienting towards prey), or
inactive (motionless) (Savino and Stein 1982). Behavior of BLGL, as defined in Pitcher
(1986), were either schooled, shoaled, or dispersed.
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Selection Predictors
Characteristics of tank areas selected by fish were described and tested using four
predictors: tank region, plant treatment, plant stem density, and maximum height. All
predictors tested were categorical and described independent regions of the tank.
Tank Region
To describe the effect of tank wall on selection, the tank region variable
delineated concentric zones that differed in their distance from the walls (Figure 3.1).
Observations that fell within zones were aggregated. The exterior region included all
observations in plant treatments in the outer concentric ring of plants as well as
observations outside of plants that were <15 cm from the tank wall. The intermediate
region were all observations outside of plants that were between 15 cm and 56 cm from
the tank wall. The interior region of the tank were all observations within the plant
treatments of the inner concentric ring of plants as well as all observations that were >56
cm from tank wall. The surface region was any point in the tank where fish were in the
upper half of the water column.
Plant Treatments
The plant treatment variable described the cultivar of agricultural plant each fish
observation was near (Figure 3.1). Each plant treatment zone was defined as a region
within 15 cm of each pot. Area outside of plant treatment zones were delineated in the
same manner as the tank region predictor (i.e. exterior, intermediate, interior, and
surface).
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Stem Density & Maximum Height
Regions of the tank within 15 cm of pots were described by the density of stems
and by the maximum height of plants (Figure 3.1). These two numeric growth metrics
were discretized into ordinal predictors by binning pots into categories of their respective
magnitude of maximum height and stem density. Stem density categories were assigned
as low (1-500 stems/m2), intermediate (501-1000 stems/m2), high (1001-2000 stems/m2),
and very high (2001-10000 stems/m2). Height categories were 1-10 cm, 11-15 cm, 16-20
cm, and 21-35 cm. Intervals that delineated categories were chosen to distribute pots as
evenly as possible over all categories. Unseeded pots as well as all observations outside
of pots were binned into a no vegetation category.
Statistical Analyses
Growth of Plants
The heights of treatment plant species were compared via a one-way Analysis of
Variance (ANOVA) model followed by a Tukey’s Least Significant Difference test.
Effect of plant treatment on stem densities were compared using a Generalized Linear
Model (GLM). The data was overdispersed (dispersion parameter = 3.2) so the model
was specified as a quasi-Poisson where the mean-variance relationship was defined as the
variance being equal to the product of the mean and dispersion parameter (Zuur et al.
2009). Stem density comparisons among treatments were done via multiple comparisons
of the treatment means using the multcomp package (Hothorn et al. 2008) of R statistical
software version 3.5.0 (R Core Team 2018).
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Behavior of Fish
The behavior of fish in different ecological conditions was quantified using
GLMs. Quantity of fishes taking part in each behavior was the interval response variable.
Categorical predictors were behavior, ecological condition (i.e. PD, PY, and PP), and
their interaction. Poisson distributions were used when dispersion parameters were < 2,
otherwise quasi-Poisson models were used. Tank did not have a significant effect and
thus was not included as a random or fixed effect. There was no predation or mortality in
trials.
Use, Availability, & Selection
Selection or avoidance of the predictor categories was tested by comparing
observed to expected proportions of observations (Neu et al. 1974). Counts of fish from
all trials in each predictor category were integrated for each ecological condition (PD,
PY, and PP). Proportional use was determined by dividing the integrated fish counts of
the predictor categories by the total fish counts of the predictor in each ecological
condition. Expected use was defined by the area within the boundaries of each category
in proportion to total available area. Chi-square goodness-of-fit tests tested the null
hypothesis that proportions of actual use and proportions of availability did not differ.
Species were tested separately in the presence and absence of one another. Due to low
sample size, LMB P-values were simulated via permutational tests with fixed margins
(Patefield 1981).
When chi-square tests were significant, I estimated simultaneous confidence
intervals of the true proportion of use for each category. The 95% simultaneous
confidence intervals for multinomial proportions were obtained using Goodman’s (1965)
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estimation, which has been shown to produce shorter intervals with lower error rates than
other methods (Cherry 1996). When expected values were not large enough (<5),
confidence intervals were estimated based on truncated Poisson distributions as described
by Sison and Glaz (1995). I used the DescTools package (Signorell 2018) of R statistical
software to estimate all confidence intervals. Selection was determined when the
proportion of the availability was less than the lower confidence limit of use and
avoidance when the proportion of availability was greater than the upper confidence limit
of use. Selection confidence intervals for the categories of the predictors were estimated
by subtracting the proportion of availability from the upper and lower 95% confidence
limit estimations of use. These were used to compare the magnitude of selection or
avoidance among predictor categories.
Results
The vegetative structures of plant treatments available to fish differed in their
height (ANOVA, F = 17, df = 6, P < 0.01) and stem density (quasi-Poisson GLM,
dispersion parameter = 3.2, F = 95, df = 6, P < 0.01) (Figure 3.2). The Clovers were two
of the shortest treatments and did not differ in height (P = 0.59) but differed in stem
density (P < 0.00) where Balansa Clover possessed on average 11 times more stems than
Arrowleaf Clover. The Ryegrass cultivars did not differ in height (P > 0.99) or stem
densities (P > 0.99) and were together the second highest in stem density after Balansa
Clover (P < 0.01) and second highest in height after Triticale (P < 0.01). The cereal
grains all possessed the lowest densities of stems that did not differ among species but
did differ in height. Triticale was the tallest of all plant treatments (P < 0.01); oat had
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moderate height similar to the Ryegrasses (P = 0.98); and Wheat and Arrowleaf Clover
were the shortest treatments and did not differ (P = 0.99).
Observed predator and prey behaviors depended on the presence or absence of the
other species. BLGLs engaging in different behaviors significantly differed in counts
(quasi-Poisson GLM, dispersion parameter = 3.3, F = 36, df = 2, P < 0.01) and was
significantly influenced by LMB presence (F = 218, df = 2, P < 0.01) (Figure 3.3).
Without a predator, BLGLs were primarily dispersed (58% total observations) and
schooling was the least common behavior (18%). When a predator was present, few
BLGLs were dispersed (9% total observations) and schooling was the dominant behavior
(71%). Number of LMB involved in each behavior significantly differed (Poisson GLM,
X2 = 92, df = 2, P < 0.01) and was significantly influenced by BLGL presence (X2 = 71,
df = 2, P < 0.01) (Figure 3.4). LMB were inactive when alone (69% total observations)
but spent a similar amount of time searching (46%) as being inactive (41%) when BLGLs
were present. There were few observations of LMB following prey.
Selection of tank region, plant treatment, plant stem density, and maximum height
was apparent, as indicated by significant chi-square tests (Table 3.1). Inspection of 95%
confidence intervals of selection revealed that BLGLs selected the interior region of the
tank when a predator was not present but transitioned to selecting the exterior region
when a predator was present (Figure 3.5). Both species of fish avoided the surface
regardless of ecological condition; however, avoidance was significantly less evident
(non-overlapping 95% confidence intervals) for each species when they co-occurred.
Selection of tank regions by LMB (Figure 3.5) followed a similar pattern with and
without prey where the exterior of the tank was selected and the interior and surface were
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avoided, although avoidance of interior was not statistically significant with prey present
(95% confidence interval included 0).
Selection of most plant treatments by both species changed little between
ecological conditions. Plants selected by BLGLs were Triticale, Balansa Clover, and both
cultivars of Ryegrass in the absence of a predator, however none differed from the
unseeded treatment (Figure 3.6). Fish outside of plant boundaries selected for the interior
and avoided the exterior and surface. When BLGLs and LMB were combined, BLGLs
selected for Balansa Clover and Marshall Ryegrass and avoided the interior and surface.
Selection of Balansa Clover was significantly greater than the unseeded treatment (nonoverlapping 95% confidence intervals). LMB selected Balansa Clover and both cultivars
of Ryegrass when BLGLs were absent, all of which were very similar and were not
different than the unseeded treatment (Figure 3.6). When BLGLs were present, LMB
selected areas outside of plant treatments in the exterior region, but also selected Marshall
Ryegrass to a lesser extent. The surface was avoided and all treatments did not differ
from the unseeded treatment.
Changes in selection of stem categories between ecological conditions was greater
for BLGLs than LMB (Figure 3.7). Both species avoided sections with no vegetation in
all ecological conditions, but avoidance was less apparent when the species were
combined. Prey selected for all stem densities greater than zero when a predator was
absent, with the low and very high categories selected most often. When a predator was
present, the very high category was selected significantly more often than all other stem
density categories (non-overlapping 95% confidence intervals), and the low category was
not selected. When prey were absent, LMB selection of stem categories increased at a
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decreasing rate with increasing stem densities and peaked at the high density (Figure 3.7).
However, when prey were present LMB only selected the high density. Proportion of
observations in the low density category, although not statistically different than its
availability, had the second highest estimates for selection.
Selection of plant height differed between species and changed little between
ecological conditions (Figure 3.8). BLGLs selected all plant height categories greater
than zero and all were similar in magnitude. LMB selection generally increased with
plant height when prey were absent but did not select the tallest height category (21-35
cm). When the species were combined, LMB only selected the second tallest height
category (16-20 cm).
Discussion
Behavioral responses of predator and prey suggest that vegetation provided refuge
from predation but not complete concealment. Previous experiments have shown that if
sufficient structural refuge is present, then quantity of BLGLs demonstrating schooling
behavior will either be unaffected or reduced by the presence of LMB (Savino and Stein
1982, 1989). Similarly, another prey species known to congregate, the Eurasian Minnow
Phoxinus phoxinus, chose cover over grouping when few conspecifics and a predator
were present (Magurran and Pitcher 1983, 1987). These studies suggest that if a threshold
of suitable concealment by structural habitat is not met then prey fishes may employ
other antipredator behaviors. Savino and Stein (1982) discovered that predatory activity
of LMB, i.e. searching, following, and attacking prey, was significantly reduced with
increasing stem density of vegetation analogues. The low predator activity in my study
may have resulted from the cover provided by vegetation to prey. However, predator
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activity and visual orientation may not have been reduced enough for the quantity of prey
employing antipredator behavior to remain unchanged with the addition of a predator.
Affinity for regions within the tanks was likely driven by prey-pursuing and
predator-evading behaviors. Change in selection from interior to exterior of tanks by
BLGLs when combined with a predator was most likely due to BLGLs maximizing
distance away from the predator and using tank walls as refuge space. It has been shown
that edges of tanks can serve as refuge for cover seeking BLGLs (Moody et al. 1983) that
may choose the tank edge furthest from predators over other forms of available structure
(Savino and Stein 1982, Gotceitas and Colgan 1990, DeVries 1990). Similarly, schooling
at the surface may be selected over other forms of cover (Gotceitas and Colgan 1987).
The increased use in exterior and surface by LMB was likely driven by searching for prey
in areas where they were previously detected.
The reciprocal changes in selection of Balansa Clover by both species could
indicate its potential for nursery habitat that excludes predators. It is unclear whether
BLGLs selected Balansa Clover based upon leaf morphology, stem density, or both since
no other cultivar with a different leaf morphology grew similar stem densities. However,
BLGLs also selected Marshall Ryegrass to a similar extent as Balansa Clover, the two
differing in morphology and significantly differing in stem densities, although Marshall
Ryegrass was among the top three highest cultivar stem densities. According to these
results, I reject my hypothesis that BLGLs selected crops based on leaf morphology,
although it is likely that the true interaction between stem densities and leaf morphology
was not captured in this experiment due to limited ranges of either variable.
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The patterns of plant use by fish in this study partially agree with other studies
that enhanced reservoir mudflats with agricultural plants. Similar to BLGLs’ high
selection of annual Ryegrass in this study, plantings of cool-season annual grasses seeded
by Strange et al. (1982) were marked by higher abundances of juvenile fishes than
unseeded areas when flooded. Additionally, flooded mudflat plantings of Barley H.
vulgare, a cereal grain similar to those in my study, had significantly higher densities of
age-0 Black Bass Micropterus spp. than untreated shorelines (Ratcliff et al. 2009). Use of
cereal grains in my study was low most likely due to the presence of other treatments
demonstrating more favorable habitat quality, such as Balansa Clover and Marshall
Ryegrass (discussed further below). Of the three cereal grains tested, plantings of
Triticale could provide favorable habitat for juvenile fish. This is because it was selected
by BLGLs (predator absent) and it demonstrated an ability to retain maximum height and
complexity for a longer period than both Balansa Clover and Marshall Ryegrass (see
previous chapter).
Increased selection of high stem densities by BLGLs when LMB were present
indicate its use as a refuge from predation. Thus, I failed to reject my hypothesis that
BLGLs selected plants based on stem densities and that presence of a predator
accentuated use of selected densities. This general pattern was similar in experimental
and observational studies where small bodied prey species select for denser and more
complex habitats as refuge (Gotceitas and Colgan 1987, 1990, Hayse and Wissing 1996,
Yeager and Hovel 2017).
The increased use of less vegetated areas of tanks, i.e. no vegetation and low stem
densities (Figure 6), by predators when prey were present was most likely driven by
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attraction towards areas where prey were detected. LMB are visually oriented predators
that follow their prey (Savino and Stein 1982, 1989, Anderson 1984). Foraging efficiency
of LMB decreases in dense vegetation (Savino and Stein 1982) and can induce changes in
diet to less mobile prey (Anderson 1984). Searching LMB that are responding visually to
prey will likely use areas where prey are visible more than where they are not visible.
Additionally, higher stem densities reduce the sizes of gaps between stems that can
exclude large fishes (Johnson et al. 1988). However, this likely did not influence my
observations because areas next to pots were included so fish of all sizes could access all
stem densities.
Results suggest that plant height did not influence selection. The range of plant
heights may have been too small for a discernable relationship. For prey, the highest and
lowest used cultivars, Balansa and Arrowleaf Clover, were in the same height category
indicating that height did not influence selection. Most plants that comprised the highest
selected height category (9/10) and stem category (9/11) by LMB were Marshall and
Nelson Ryegrass. LMB could either favor the morphology of annual Ryegrass or these
ranges of height, stem density, or a combination of all these traits. Thus, I failed to reject
my hypothesis that LMB selected crops based upon stem density or leaf morphology.
The condition of experimental plants available to fish in this study could have
been different than those planted in mudflats. Plants in the tank study were submerged
between 2 and 10 days. In reservoirs that flood in the spring, plants submerged this long
will likely be available shortly after flooding and used by spawning adult fishes, but less
available later in the season to juveniles. My previous chapter identified that heightened
use of cover by juvenile refuge-seeking Centrarchids in the mudflats of a flood control
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reservoir occurred approximately 50 to 60 days following inundation of shorelines. The
extent of degradation of cool-season annual plants submerged for this length of time is
affected by phenology and plant species biology (see previous chapter). Thus, for plants
that degrade rapidly, the results from this study may not be applicable.
Management Implications
The results of this study suggest that cool season crops differ in their value as
structural habitat to fish. Crops that grew high stem densities, such as Balansa Clover,
may provide habitat for refuge-seeking prey fishes. Annual Ryegrass cultivars, especially
Marshall, could potentially be used for enhancements that target the entire fish
community or larger-bodied adult fishes. Marshall Ryegrass outperformed all crops and
natural vegetation when planted on reservoir mudflats (Hatcher 2018) and was shown to
persist long enough to provide potential habitat for juvenile Centrarchids (see previous
chapter). The results of this study further validate its suitability for reservoir mudflat
applications. Annual Ryegrass is native to Europe and is extensively used in the United
States as a supplemental forage crop for livestock and wildlife (Harper 2008).
Simultaneously, it is listed as an invasive in some parts of the United States (USDA
2018). The results of my previous chapter indicated that mudflat applications will die due
to prolonged submergence during years of normal precipitation, thus precluding long
term establishment. However, drought may leave plantings exposed during spring and
summer facilitating introductions to upland habitats. An ecologically-conservative
alternative to annual Ryegrass would be Triticale, which has no documented
introductions in North America (USDA 2018) and will likely not compete well with
established upland plant communities due to slow growth during early life phases
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(Salmon et al. 2004). A drawback of using Triticale rather than annual Ryegrass is its
relatively high cost incurred by its high seeding rate, where on average it costs 4 times
(US$413/ha) as much to plant than annual Ryegrass ($108/ha) (note: costs vary by
cultivar, distributor, and availability).
Balansa Clover possesses a high potential as a mudflat enhancer, but caution
should be used when considering this species. Balansa Clover grew poorly on reservoir
mudflats seeded by Hatcher (2018), but this may be due to low seeding rates, substandard
soils, and drought rather than species performance. Maturing specimens degraded rapidly
when submerged in experimental tanks, however fully matured plants were not tested. A
conservative approach to using Balansa Clover could be to mix it with a more tolerant
and durable plant, such as Marshall Ryegrass or Triticale (see previous chapter), that
would enhance habitat regardless of Balansa Clover’s performance. This would also
reduce the total costs of using grasses with high seeding rates (e.g. Triticale) since
Balansa Clover is relatively affordable ($130/ha). Mixing legumes with grasses is a
common technique that can improve the establishment of plantings. In grass-legume
mixtures, grasses germinate and establish quickly thereby partially acting as a weed
suppressant and erosion control while legumes improve nutrient availability in the soil by
fixing nitrogen (Harper 2008). Mixed plantings of the two top performing species in this
study, Balansa Clover and Marshall Ryegrass, has been shown to significantly increase
total yield compared to Ryegrass monocultures when planted in unfertilized conditions
(Santos et al. 2015). Additionally, mixtures may maximize structural heterogeneity and
minimize the risk of either species failing to grow in harsh environments or persist
following inundation.
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Tables
Table 3.1

Chi-Square Tests Between Proportions of Bluegill or Largemouth Bass
Using Tank Areas and Proportions of Availability

Predictor

Ecological
Condition
PY, PD

Bluegill
(X2, df, P-value)
546, 3, < 0.001

Largemouth
(X2, P-value)
113, df = 3, < 0.001

PP

134, 3, < 0.001

65, df = 3, < 0.001

Plant
Treatment

PY, PD

666, 11, < 0.001

159, 0.0005

PP

456, 11, < 0.001

60, 0.0005

Stem
Density

PY, PD

476, 4, < 0.001

107, 0.0005

PP

461, 4, < 0.001

36, 0.0005

Plant
Height

PY, PD

485, 4, < 0.001

98, 0.0005

PP

266, 4, < 0.001

34, 0.0005

Tank
Region

Selection by Bluegills and Largemouth in Prey (PY) or Predator (PD) ecological
conditions were observed in separate tanks and selection in Prey and Predator (PP) were
observed in a single tank. Largemouth tests were permutational since some expected
values were < 5.
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Figures

Figure 3.1

Tank Boundaries for Classifying Observations into Predictor Categories

Birds-eye depictions of experimental arenas color coded to represent how counts of fish
were aggregated for each of the four predictors: tank region, plant treatment, stem
density, and plant height. Observations within plant treatment, stem, and height regions
were aggregated according to their treatment levels (e.g. plant treatment: Balansa Clover,
Oat, Wheat, etc.). For tank region and plant treatment, an additional surface category
described the location of fish that were in the upper half of the water column.
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Figure 3.2

Stem Density and Height of Experimental Plants

A scatterplot of the mean stem density and height of the experimental plant treatments
along with their 95% confidence intervals.
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Figure 3.3

Mean Frequencies of Bluegill Behaviors

Error bars are 95% confidence intervals.
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Figure 3.4

Mean Frequencies of Largemouth Bass Behaviors

Error bars are 95% confidence intervals.
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Figure 3.5

Selection and Avoidance of Tank Regions by Bluegills and Largemouth
Bass

Tank regions were concentric zones of varying distances from tank walls (Figure 3.1).
Error bars are 95% simultaneous confidence intervals of the proportions of use with their
proportions of availability subtracted from them.

66

Figure 3.6

Submerged Agricultural Plant Cultivar Selection by Bluegills and
Largemouth Bass

Interior, Intermediate, Exterior, and Surface aggregate observations outside of plant
treatment zones (Figure 3.1). Values and intervals are availability proportions subtracted
from 95% simultaneous confidence intervals of the proportion of use.
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Figure 3.7

Selection of Submerged Crop Stem Densities by Bluegills and Largemouth
Bass

The no vegetation category aggregated all observations outside of plant zones (Figure
3.1). Values and intervals are availability proportions subtracted from 95% simultaneous
confidence intervals of the proportion of use.
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Figure 3.8

Selection of Submerged Agricultural Plant Height by Bluegills and
Largemouth Bass

All observations outside of plant zones were aggregated into the no vegetation category.
Values and intervals are availability proportions subtracted from 95% simultaneous
confidence intervals of the proportion of use.
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